2؉ complex showed an activation energy of ca.
Aromatic p-p interactions have been a subject of extensive study because of its role in (i) the packing of aromatic molecules in the crystalline state, (ii) base-stacking interactions of DNA, (iii) three-dimensional structures of proteins, (iv) molecular recognition of pharmaceuticals by biological receptors or enzymes, and (v) template-directed synthesis. [1] [2] [3] [4] [5] [6] [7] [8] Ternary complexes of platinum(II) or palladium(II) containing 2,2Ј-bipyridine (bpy) or 1,10-phenanthroline (phen) and an amino acid bearing an aromatic side chain such as tyrosine and tryptophan have been reported to show aromatic p-p interactions. [9] [10] [11] [12] [13] The crystal structures of ternary complexes of platinum(II), bpy, and N-benzyl-1,2-ethanediamine (Been), N-(1-naphthylmethyl)-1,2-ethanediamine (Npen), or N-(9-anthrylmethyl)-1,2-ethanediamine (Aten) indicate that intramolecular aromatic p-p interactions occur in the cases of Npen and Aten complexes.
14) The structure of Been complexes in an aqueous solution was examined by 1 H-NMR spectroscopy and this cation has a structure in which the phenyl ring and bpy are partially stacked in aqueous solution although the phenyl and bpy rings participate in only intermolecular stacking in the crystalline state. 15) In order to clarify the nature of the aromatic-aromatic interaction in various amino acids or proteins in solution as well as solid state, we used ternary platinum(II) complexes having two aromatic rings as a model compound.
The present paper describes the results of some detailed 1 . The aromatic p-p interactions became stronger as the ring size increased from pheny to naphthyl and anthryl groups. The characteristics of the intermolecular interactions between them and the restricted rotation about C ipso -C-N-Pt (C ipso denotes the ipso carbon of the aromatic ring; see Fig. 1 ) for [Pt(bpy)(Aten)] 2ϩ are delineated in this paper. Figure 1 shows a scheme of the structure of the Pt(II) complexes used in this study and each 1 H is designated by the position shown in Fig. 1 , such as H(B3) for hydrogen atom, which is bound to the 3 position of the bpy group. tributed to the aggregation of complexes but the present platinum complexes have positive charges of ϩ2, and extensive aggregation is not plausible and was analyzed based on the equilibrium between monomer and dimmer, Eq. 1. Table 1 . The presence of an aromatic ring causes upfield shifts in the proton signals in one of the pyridine rings and H(B5) and H(B6) are the most susceptible for the bpy complexes and H(P2) and H(P3) are the most susceptible for the phen complexes. The shift is increased with the increase of the size of the aromatic rings. These shifts can be attributed to the intramolecular stacking of the bipyridine and the aromatic rings.
Results

Characterization of Platinum Complexes
The Upfield Shift Depended on the Ring Current Effect The protons bound to the half pyridyl ring of the coordinated bipyridine appear at higher field than those bound to the other half, as has been reported for [Pt(bpy)(Been)] 2ϩ . 15) These up-field shifts are consistent with significant intramolecular aromatic-aromaric ring interactions, which is supported by the X-ray structures of these complexes. Position
/ppm showed that the most stable form has a torsion angle of 60°a nd the next stable conformation is the anti conformer (torsion angle of Ϫ160°). The difference in steric energy between the two forms is 3.65 kcal mol
showed an energy minima at 60°and the next stable conformer has a torsion angle of Ϫ60°with the energy difference between them being 4.02 kcal mol Ϫ1 .
Dimerization of the Platinum(II) Complexes
In aqueous solutions, polyaromatic compounds are known to show upfield shifts due to aggregation. [17] [18] [19] However, the present platinum complexes bear positive charges of ϩ2 and extensive aggregation is not plausible. Therefore, the concentration dependency was analyzed from the standpoint of monomer-dimer equilibrium.
The d d reflects the mode of the dimerization. All the proton signals moved to higher magnetic field on dimerization.
The positions that moved significantly were H(N2), H(N4), H(N5), and H(N8) for the naphtylmethyl derivatives and H(A1), H(A4), H(A5), H(A8), and H(A10) for the anthrylmethyl derivative as well as the H(B6), H(B3), and H(B3Ј). From these results, the dimerization does not appear to involve a specific structure but occurs with tumbling of the monomers. The fact that both the bipyridine and aryl groups participate in the dimerization is noteworthy. In the crystal, the one-half of the bipyridine which is not included in intermolecular stacking, participates in the intermolecular stacking. 14) As shown in 
The equivalent protons, H(A1) and H(A8); H(A2) and H(A7); H(A3) and H(A6)
; and H(A4) and H(A5) appeared separately. When the temperature was lowered, these signals were narrowed and showed clear couplings with neighboring protons at 5°C. The fact that the H(A10) signals are consistently narrow irrespective of the temperature, indicates that this broadening is caused by the rotation about the CH 2 -C ipso bond. The one-way rate constant for the two-sites model was obtained by the method described earlier using H(A8). 20 . Owing to the use of CD 3 OD as solvent, all the signals were sharp at Ϫ35°C and the anthracene signals, except for H(A10), were broadened.
Discussion
Intramolecular aromatic-aromatic ring interactions of ternary complexes with Pt(II), aromatic diamines such as bpy and phen, and N-arylmethylethanediamines (Been, Npen, and Aten) show an upfield shift for the ligand in 1 H-NMR spectra in aqueous (D 2 O) solution as well as the solid state. The methylene of the arylmethyl group of N-arylethanediamine is forced to adopt an axial position because intramolecular repulsion between the arylmethyl and the aromatic rings does not allow the arylmethyl group to adopt an equatorial position. 21, 22) In this study, we explored the consequence of ring enlargement of the arylmethyl group from benzyl to 1-naphthylmethyl and 9-anthrylmethyl group. Although the 1 , respectively. Both parameters have negative values and the association process is favored by a large enthalpy change in proceeding from the monomer to the dimer state.
The 1 H-NMR chemical shifts of the two pyridine halves of the bipyridine differ significantly and these were also dependent on both the concentration and temperature. The concentration dependency of the chemical shifts corresponds to intermolecular stacking in the solvent employed. The chemical shifts derived from the observed chemical shift by extrapolating to a concentration of 0, d m , correspond to the chemical shifts of the intrinsic monomer form. For both the bpy and phen complexes, the d m of H(B6), H(B5), H(P2), and H(P3) showed significant upfield shits as the result of changing the N-arylmethyl-1,2-ethanediamine. These upfield shifts can be accounted for by molecular force calculations and ring current effects 15) and were verified by X-ray crystallography, 14) The intramolecular p-p interaction is the driving force. Intramolecular p-p interactions have been reported for ternary complexes of platinum(II) or palladium(II), bpy or phen, and amino acids bearing an aromatic side chain, such as tyrosine, phenylalanine, and tryptophan. The present system has a unique feature: the alkyl group substituted at the nitrogen atom of the ethane-1,2-diamine is forced to adopt an axial disposition from the coexisting bpy due to the gauche structure of the 1,2-ethanediamine when a five-membered chelate ring is formed.
The temperature dependency of the 1 H-NMR spectra of [Pt(bpy)(Aten)]Cl 2 showed a broadening of the anthryl signals, except for the H(A10) signal. It is noteworthy that 7 out of 9 signals are independently observed at 5°C. The shape of the signals become broad according to the order of the difference in chemical shift between exchangeable protons through rotation around the CH 2 -C ipso bond. These phenomena were analyzed by means of a two-site exchange model. The rate constant at 25°C is estimated to be 27.1 s Ϫ1 and the activation parameters are 37. 5 . Although many examples of restricted rotation of a single bond are known, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] this represents a new type of restricted rotation. A direct 180°rotation around CH 2 -C ipso must surmount a much higher activation enthalpy than the observed value. Another way to exchange the position of both the flanking ring of an anthracene ring involves two rotations: first, rotation around the N-CH 2 bond, followed by a second rotation around CH 2 -C ipso bond as shown in Fig. 8 . The first rotation involves the aromatic ring sliding over the bpy ring. The agreement of the observed activation enthalpy and the calculated difference in steric energy between the anti and syn(Ϫ) conformations clearly show that this exchange occurs. The rotation around N-CH 2 from Ϫ60°((Ϫ)syn) to 0°( anti) requires energy, as estimated by a modified MM2 calculation. The rotation around C-C ipso would occur with less energy cost than the first rotation.
[Pt(phen)(Aten)] 2ϩ also shows both the concentration and temperature dependences. Moreover, the up-filed shifts between two aromatic rings in [Pt(phen) Physical Measurements Absorption spectra were recorded on a Shimadzu UV 2200 spectrophotometer. Calculation of Molecular Mechanics and Anisotropic 1 H-NMR Chemical Shift A molecular-mechanics calculation was carried out using by a modified MM2 program 16) on an ACOS3700 Computer at the Okayama University Computer Center. The values of 1 H-NMR chemical shifts by ring current effects of the aromatic rings were calculated by the method of Abraham et al. 35, 36) while varying the dihedral angle of the C-N (secondary) bond between 30 and 70°.
